A uniform thickness of inkjet printed polystyrene sulfuric acid-doped poly (3,4-ethylenedioxythiophene) (PEDOT) films in confined grooves is very important for their application in inkjet printed polymer lightemitting displays (PLEDs). PEDOT films with a concave or convex cross section are often obtained during inkjet printing. We obtained uniform thickness printed PEDOT films through the low surface tension modification of PEDOT inks using isopropanol (IPA). The thickness fluctuation along the cross section of the PEDOT films was decreased from $30 nm for the convex condition and $20 nm for the concave condition to less than 10 nm through replacing the original PEDOT ink with 10% IPA modified PEDOT ink. The meniscus profile at gelation of the PEDOT inks was used to explain the morphology change of the PEDOT films. IPA modification of PEDOT inks induced lower surface tension and increased the Bond number, which decreased the curvature of the meniscus and improved film uniformity both under concave and convex conditions. IPA modification has no obvious effect on the PEDOT morphology, work function and performance of organic light-emitting diodes.
Introduction
Organic/polymer light-emitting diodes have exhibited tremendous potential for use in at panel displays as a result of their fast response time, high contrast, and compatibility with low cost printing processes and light-weight exible substrates. The inkjet printing approach for manufacturing organic/polymer light-emitting displays (O/PLEDs) has attracted great attention in the last few years because of the non-contact digital printing process, suitability for large area exible substrates, low cost at high speed, and so on. [1] [2] [3] [4] [5] The morphological properties of printed photoelectric lms, such as uniformity of thickness and patterning resolution, are of great importance in fabricating reliable printed O/PLEDs and improving their performance.
The solute prefers to deposit at the rim for inkjet printed dots. A ring-like morphology can form aer the drying process. 6 This phenomenon is known as the coffee ring effect, which has been utilized to form electrodes for organic thin lm transistors and transparent electrodes on exible substrates. [7] [8] [9] But the elimination of the coffee ring effect is necessary for inkjet printing of O/PLEDs in order to form uniform lms in the printed pixels, which are useful for obtaining an increased ratio of light emitting area in every pixel and electrical uniformity improvement in display panels.
Deegan and his coworkers 10, 11 have researched the coffee ring effect deeply and provide a convincing mechanism for this phenomenon. At rst, the contact line of a droplet needs pinning on the surface during its drying process. Fastest evaporation occurs at the edge of the droplet, because of the higher degree of diffusion freedom of solvent vapor in the corresponding region. Then, capillary ow from the center to the edge forms, to supply solvent for evaporation loss, which transports solute to the edge of droplet, where it is deposited. The coffee-ring effect occurs. Therefore, control of ow behavior in drying droplets can be key in eliminating the coffee ring effect.
Numerous signicant methods have been explored and used to eliminate the coffee ring effect. Marangoni ow 12 can be an effective way to eliminate the coffee ring effect. Marangoni ow emerges from a region of low surface tension to one of high surface tension when there is a surface tension gradient along the droplet surface. Formation of an inward Marangoni ow in the droplet can be used to avoid the coffee ring effect caused by outward capillary ow. As droplets of solvent mixture evaporate, a solvent component gradient can be formed along the radical direction of the droplet, which establishes a surface tension gradient and drives Marangoni ow. Solvent mixture induced inward Marangoni ow has been utilized to adjust the morphology of printed polymer dots and conductive silver nanoparticle lines. [13] [14] [15] Hu et al. 12, 16 also formed inward Marangoni ow through a temperature induced surface tension gradient in drying droplets and realized reversed coffee ring deposition.
Solutions with high viscosity or even ones that undergo gelation can provide another popular and effective way of eliminating the coffee ring effect. The working mechanism comes from decreased intensity of capillary ow as a result of the ink viscosity. Utilizing the sol-gel transition of inks, Schubert et al. 17 and Bain et al. 18 realized uniform deposition of TiO 2 nanoparticles and LAPONITE® respectively. Uniform polymer lms have also been printed using inks containing a high viscosity and low volatility solvent component, combined with control of the drying velocity.
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Polystyrene sulfuric acid-doped poly(3,4-ethylenedioxythiophene) (PEDOT) is widely used as a hole injection layer in the fabrication of O/PLEDs. The main research into the inkjet printing of PEDOT lms has focused on conductivity promotion through the modication of PEDOT inks to realize ITO free devices. [23] [24] [25] [26] [27] [28] Rare works have focused on morphology control of inkjet printed PEDOT lms. 29, 30 Thickness and lm uniformity of inkjet printed PEDOT lms is very important in ensuring the quality of the next deposited organic light emitting lms beyond PEDOT lms and the performance of printed O/PLEDs.
In this study, methods and mechanisms for the inkjet printing of uniform PEDOT lms in conned grooves forming low surface energy banks have been researched. Inkjet printing assisted by low surface energy banks has been used as an effective and necessary way of conning free wetting and spreading of inks droplets and improving patterning resolution in the inkjet printing of O/PLEDs. But the thickness uniformity of the printed lms would be affected dramatically by low surface energy banks because of meniscus conguration compared with a normal at substrate. Uniform PEDOT lms were printed in a wider range of thicknesses, through low surface tension modication of PEDOT inks, and were used for the fabrication of OLEDs.
Experimental section

Materials
The polystyrene sulfuric acid-doped poly(3,4-ethylenedioxythiophene) (PEDOT, CLEVIOS™ P VP AI4083) was purchased from Heraeus. Isopropanol (IPA) was purchased from Acros and used without further purication. ITO glass (glass slide with indium-tin-oxide lm) was purchased from Chinese South Glass Holding (CSC) Co., Ltd. The negative photoresists were purchased from Futurrex. The organic light emitting materials, including dendritic host H2, green phosphor Ir(PBI) 3 , and electron transporting SPPO13, were prepared according to literature methods.
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Preparation of the substrate
Photoresists were spin coated on cleaned ITO glass. The thickness of the photoresist lms was adjusted through altering the spin coating speed combined with the concentration of the photoresist. Photoresist banks of different heights can be formed on the ITO glass substrate aer a UV-exposure and developing process. The width of the banks is 50 mm and the width of the grooves between banks, which consist of the bare ITO surface, is 200 mm. A substrate with hydrophilic ITO grooves (contact angle of water: <20
) and hydrophobic photoresist banks (contact angle of water: >100 ) can be formed aer modication using oxygen plasma and CFx plasma continuously.
Inkjet printing of PEDOT lms and OLED fabrication
An inkjet printer (Microdrop Technique GmbH, AD-P-8000 system) was used for the printing of PEDOT lms and organic light-emitting lms. The inkjet print heads have an inner diameter of about 70 mm. PEDOT solution was supplied to the print head at rst. Stable droplets with a diameter of about 80 mm can be formed at a jetting frequency of 200 Hz through the adjustment of the waveform. The PEDOT droplets were printed into the hydrophilic ITO grooves between the hydrophobic photoresist banks. The distance of the droplets was used to adjust the volume of deposited PEDOT inks and the corresponding lm thickness. The printed PEDOT inks were dried under a standard atmosphere and at room temperature to form PEDOT lms at rst. Then, the PEDOT lms were baked at 130 C for 1 hour for deep drying and used for prole measurement and the fabrication of devices. Another organic light emitting layer was inkjet printed on the PEDOT lms for the fabrication of OLEDs. The electron transport layer (SPPO13) and LiF/Al cathode were deposited on the organic light emitting lms using physical vapor deposition.
Characterization
The surface tension of the PEDOT inks was measured with a contact angle measuring system (DSA-10, Kruss) used its pendant drop mode. The inkjet printed PEDOT lms were observed using an optical microscope (Leica DMLP, Leica Microsystems Ltd., Germany). The thickness proles of the PEDOT lms were investigated using a Veeco Dektak 6M Stylus Prolometer. The surface morphology of the PEDOT lms was observed using an atomic force microscope (SPA 300HV with an SPI 3800N Probe Station, Seiko Instruments Inc., Japan) in tapping mode. Ultraviolet photoemission spectroscopy (UPS) was carried out using a helium discharge lamp (HeI a ¼ 21.2 eV) and a hemispherical energy analyzer (Specs PHOIBOS 150) to test the work function of the PEDOT lms. The brightnessvoltage characteristics of the OLEDs were recorded using a computer-controlled sourcemeter (Keithley 2400) at room temperature under ambient conditions.
Results and discussion
Printing of uniform PEDOT lms
The low surface energy banks, which have a height of 1.9 mm, were used to assist the inkjet printing of PEDOT lms at rst. PEDOT inks at different volumes, including 6 pL mm À2 , 10 pL mm À2 and 16 pL mm À2 , were deposited into the grooves between the low surface energy banks. PEDOT inks lled the grooves and were conned in them. Overow did not happen at all under these conditions. PEDOT lms were obtained in the grooves aer the drying process. Fig. 1 shows optical images of the dried PEDOT lms and their cross sectional proles. PEDOT lm with a convex cross section was obtained when a PEDOT ink volume of about 16 pL mm À2 was deposited, as shown in Fig. 1(d) . The gradual color change of the PEDOT lm, as shown in Fig. 1(a) , also demonstrates the gradual change in thickness and is in accordance with the results of the cross section prole. On the other hand, uniform PEDOT lm was obtained when a PEDOT ink volume of about 10 pL mm À2 was deposited. The corresponding PEDOT lm also displays a uniform color, as shown in Fig. 1(b) . PEDOT lm with a concave cross-section was obtained when a PEDOT ink volume of about 6 pL mm À2 was deposited.
Alcohol has been used to modify PEDOT and increase its electrical conductivity in previous research. 34 In this research, isopropanol (IPA) was added to the PEDOT ink to improve the uniformity of the inkjet printed PEDOT lms, due to its excellent properties for decreasing ink surface tension and ensuring the jetting stability of the PEDOT solution. PEDOT inks modied with less than 10% IPA have stable solubility and jetting properties. The surface tension of PEDOT inks with different IPA content has been investigated. Fig. 2 shows the relationship curve between IPA content in PEDOT inks and their surface tension. The surface tension of pure IPA is about 21.7 mN m À1 .
The surface tension of the original PEDOT inks is about 64.0 mN m
À1
. There is an obvious decrease in the surface tension of IPA modied PEDOT inks with an increase in IPA content because of the low surface tension of IPA.
PEDOT inks with different IPA content, including 0%, 2.5%, 5.0%, 7.5% and 10.0%, were printed into grooves with 1.9 mm banks to test the lm uniformity. Fig. 3 shows optical images of dried PEDOT lms deposited at an ink volume of 6 pL mm
À2
and their cross sectional proles. The uniformity of the printed PEDOT improved gradually with increasing the IPA content of the PEDOT inks, as shown in Fig. 3(f) . The thickness uctuation along the cross section of the PEDOT lms decreased from $20 nm to less than 10 nm through replacing the original PEDOT ink with 10% IPA modied PEDOT ink. The results from the optical images, as shown in Fig. 3(a) -(e), are in accordance with data from the cross-section prole.
Similar phenomena have also been observed for PEDOT lms deposited at 16 pL mm À2 . Fig. 4 shows optical images of dried PEDOT lms and their corresponding cross-sectional proles. The thickness uniformity of printed PEDOT has been improved gradually with increasing the IPA content of PEDOT inks. The thickness uctuation along the cross section of the PEDOT lms has decreased from $30 nm to less than 10 nm through replacing the original PEDOT inks with 10% IPA modied PEDOT inks. The results from the optical images, as shown in Fig. 4(a) -(e), are in accordance with the cross-section proles. It is clear that IPA modied PEDOT inks have improved lm uniformity. Modied PEDOT inks with 10% IPA content have shown the most excellent properties for improving the thickness uniformity. Low surface energy banks with a height of 3.5 mm were also used to assist inkjet printing. Original and 10% IPA modied PEDOT ink was deposited into the grooves, respectively, to investigate the lm proles. Fig. 5 shows optical images of dried PEDOT lms and their corresponding cross-sectional proles. Uniform PEDOT lms were obtained when PEDOT ink at a volume of about 30 pL mm À2 was deposited. PEDOT lms with convex and concave cross sections were also formed at higher (38 pL mm À2 ) and lower (22 pL mm À2 ) deposition amounts of PEDOT inks. But it is obvious that PEDOT lms deposited using 10% IPA modied PEDOT ink show lower thickness uctuation and improved thickness uniformity. This regularity is similar to the results obtained from printing on a substrate with 1.9 mm banks.
Mechanism for the improvement of lm uniformity
Low surface energy banks affect the thickness uniformity of inkjet printed PEDOT lms dramatically, from the results above. The amount of deposited PEDOT ink needs to be matched with the bank to realize the printing of uniform PEDOT lms. There is an optimal volume of deposited PEDOT ink for a certain bank to obtain uniform PEDOT lms. Uniform PEDOT lms can be obtained only over a narrow range of thicknesses for a given bank. PEDOT lms with a concave (or convex) cross-section would be obtained if PEDOT ink volumes less (or more) than the optimal amount were deposited. Therefore, the volume of deposited PEDOT ink needs to be tested and controlled accurately for a certain bank to insure the uniformity of PEDOT lms. Otherwise, PEDOT lms with large thickness uctuations would emerge.
More uniform PEDOT lms have been printed from PEDOT ink modied with IPA compared with original PEDOT ink under the same experimental conditions, from the results above. Uniform PEDOT lms can be obtained at a wider range of thicknesses from IPA modied PEDOT ink for a given bank. This means that the range of matching between volumes of printed PEDOT ink and bank height increased, which is very important for practical application. The mechanism relating to this improvement will be discussed below.
From previous works, 17,18 gelation can be an effective way to eliminate the coffee-ring effect in inkjet printed dots and lms. This principle can be used to explain our experimental phenomena relating to matching between volumes of printed PEDOT ink with bank height. The viscosity of polymer solutions would increase dramatically with an increase in their concentration normally. The viscosity of PEDOT ink can be increased from 4 mPa s to 20 mPa s when the concentration increases from 1.3% to 1.7%, based on data from a supplier of PEDOT inks. It is obvious that a dramatic increase in viscosity would emerge with the evaporation of printed PEDOT ink. Gelation would happen when the viscosity is high enough. The ow-ability of PEDOT ink vanishes at gelation. Dried lms would maintain the prole of the meniscus at gelation.
The Bond number is dened, using eqn (1), as the most signicant factor in estimating the prole of the meniscus, where r is the density of the ink, r is the half width of the grooves, s is the surface tension of the ink and g is the acceleration due to gravity. Fig. 6 provides the Bond numbers of PEDOT inks with different IPA content in our experiments. All the inks have small Bond numbers. A meniscus with a spherical prole would form from normal experience for inks with such small Bond numbers.
A PEDOT gel with a convex meniscus would form if a large amount of PEDOT ink was deposited in the grooves, as shown in Fig. 7(a) , where G is gravity, and s is the surface tension of the ink. Then, PEDOT lm with a convex cross section can be obtained in the grooves aer the drying process. Certainly, PEDOT gel with a at (Fig. 7(b) ) and concave ( Fig. 7(c) ) meniscus can be obtained in the grooves with a decrease in the volume of printed PEDOT ink. Films with at and concave cross sections can be obtained correspondingly. This explains the phenomenon relating to the morphology changes of PEDOT lms with a decrease in the volume of printed PEDOT ink in the grooves, as shown in Fig. 1 and 5 . It also claries that the key to printing at PEDOT lms in the low surface energy banks formed by conned grooves is to match the printed ink volume to the height of the bank. ; and (g) their corresponding cross-sectional profiles in grooves with 3.5 mm banks. There is an obvious increase in the Bond number with an increase in the IPA content in modied PEDOT inks because of a decrease in the surface tension. The ratio between gravity and the surface tension would increase, which induces a meniscus with a more at top surface, as shown in Fig. 7(d) and (f) . Uniformity of printed PEDOT lms can be improved compared with lms deposited from non-modied PEDOT inks. Certainly, there are no obvious differences for gels with a at meniscus, as shown in Fig. 7(b) and (e). The experimental results, as shown in Fig. 5 for PEDOT lms deposited from original and modied PEDOT inks at 30 pL mm
À2
, are also consistent with this opinion. Under normal conditions, the meniscus is spherical for such small Bond numbers. But the thickness uctuations in PEDOT lms are also very small. There is less than 20 nm thickness difference across printed PEDOT lms about 160 mm wide. The meniscus curvature is very low correspondingly. This may be the main reason for obtaining uniform PEDOT lms over a wide thickness range of banks from low surface energy modied PEDOT inks.
Electronic performance of PEDOT lms
To demonstrate the effect of IPA modication on the performance of PEDOT lms, we tested their morphology and work function rst. Fig. 8(a) and (b) provide AFM images of PEDOT lms deposited from original and 10% IPA modied PEDOT ink. All the PEDOT lms are smooth. The surface roughness of PEDOT lm deposited from original and IPA modied PEDOT ink is about 1.29 nm and 1.14 nm, respectively. There is no obvious difference between their surface morphologies. Fig. 8(c) provides the work functions of PEDOT lms. There is a slight decrease in the HOMO level for PEDOT lms deposited from IPA modied ink compared with those deposited from the original PEDOT ink. The PEDOT lms were also used for fabrication of electroluminescent devices. Fig. 9(a) shows the device conguration and the chemical structure of the materials. The emissive layer (EML) is comprised of the green phosphorescent dye Ir(PBI) 3 doped in a dendritic H2 host. Dendritic H2 is selected as the host because of its high triplet level (2.89 eV) and satisfactorily high-lying highest occupied molecular orbital (HOMO) level. Fig. 9(b) shows an optical image of the electroluminescent device and the detailed pixel matrix in working condition, which used PEDOT lms printed from 10% IPA modied PEDOT inks as the hole injection layer. The luminous intensity of the pixels and matrix are all smooth, which proved the uniformity of the PEDOT lms in pixel degree and matrix degree. Fig. 9 (c) and (d) also provide the electronic properties of the electroluminescent devices. All the devices have similar performance. A small difference in the efficiency, as shown in Fig. 9(d) , may come from experimental error. There is no obvious effect on the electronic performance of OLEDs through IPA modication of PEDOT inks.
Conclusion
In summary, we report a method to improve the thickness uniformity of inkjet printed and drying-conned PEDOT lms through a simple low surface tension modication of PEDOT ink. The amount of deposited PEDOT ink must match with the bank height exactly to obtain uniform PEDOT lms and to avoid lms with concave or convex cross sections. Through low surface tension modication of PEDOT inks using IPA, the thickness uctuations in PEDOT lms have been decreased obviously both under concave and convex conditions. The thickness uctuations along the cross section of the PEDOT lms has decreased from $30 nm under convex conditions and $20 nm under concave conditions to less than 10 nm, through replacing the original PEDOT ink with 10% IPA modied PEDOT ink. The meniscus prole at gelation of the PEDOT ink can be key to deciding uniformity of the PEDOT lms conned by grooves. IPA modication of PEDOT ink induced low surface tension and increased the Bond number, which decreased the curvature of the meniscus and improved the lm uniformity. The electronic properties of electroluminescent devices, using PEDOT lms deposited from original and IPA modied inks as the hole injection layer, have similar performances. There is no obvious effect on the electronic performance of PEDOT lms as a result of IPA modication.
